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Symmetry-adapted perturbation theory has been applied to compute the intermolecular potential 
energy surface of the H e -C 2H2 complex. The interaction energy is found to be dominated by the 
first-order exchange contribution and the dispersion energy. In both contributions it was necessary 
to include high-level intramolecular correlation effects. Our potential has a global minimum of 
— 22.292 cm -1 near the linear H e-H C C H  geometry at R m = 8.20 bohr and ûm = 14.16°, and a 
local minimum at a skew geometry (Rm= l.39 bohr, $„,=48.82°, and £,„ =  -2 1 .9 8 3  cm -1). The 
computed potential energy surface has been analytically fitted and used in converged variational 
calculations to generate bound rovibrational states of the H e - C 2H 2 molecule and the near-infrared 
spectrum, which corresponds to the simultaneous excitation of the vibration and hindered rotation 
of the C 2H2 monomer within the complex. The nature of the bound states and of the spectrum 
predicted from the ab initio potential are discussed. © 1995 American Institute o f Physics.
I. INTRODUCTION
Over the last decade, there has been an increased interest
I 9  i ___ c
in theoretical ’ and experimental studies of van der Waals 
molecules. Weakly bound complexes display unusual struc­
tural and dynamical properties resulting from the shape of 
their intermolecular potential energy surfaces. They show 
large amplitude internal motions, and do not conform to 
the dynamics and selection rules based on the harmonic 
oscillator/rigid rotor models .6 For some complexes exhibit­
ing nearly free internal rotor or semirigid dynamics it has 
been possible to assign the observed transitions in terms of 
approximate quantum numbers. In many cases, however, 
conventional models used in the analysis of the spectro­
scopic data fail, and the knowledge of the full intermolecular 
potential is crucial to determine the necessary assignments.
van der Waals interactions of the acetylene molecule 
with the heavier rare gas atoms have been thoroughly inves- 
tigated using high-resolution spectroscopy, scattering 
techniques, 13-17 and ab initio methods . 18,19 Also collisional 
probabilities for vibrational relaxation of the excited C 2H2 
molecule by several collision partners have been mea­
sured.20-25
Until recently, the H e - C 2H 2 complex has been exclu­
sively investigated using scattering techniques .26"30 Daniel­
son et al.26,27 measured total differential cross sections and 
diffusion coefficients for this system. The cross sections 
showed pronounced oscillatory structure, suggesting a rather 
small anisotropy of the potential energy surface. Indeed, the 
scattering and bulk data could be accurately reproduced by a 
| potential with parameters expanded up to the second Leg- 
endre polynomial P2. This potential failed, however, to9R —| ^produce the measured differential energy loss spectra. 
[Schlemmer,28 Faubel,29 and Buck et al.30 demonstrated that
I the energy loss spectra are much better reproduced by a po-
a'Pmnanent address: Department of Chemistry, University of Warsaw, Pas- 
,eura 1, 02-093 Warsaw, Poland.
tential revealing in the repulsive region a spindle-shaped 
contour31 rather than the more usual ellipsoidal shape. This 
suggests that the anisotropy in the scattering potential of Ref. 
27 is not entirely correct, at least in the repulsive wall region. 
Recently, Miller et al:~ measured the near-infrared spectrum 
of the H e - C 2H2 molecule corresponding to the simultaneous 
excitation of the vibration and hindered rotation of the C2H 2 
monomer within the complex. This experimental spectrum 
could not be successfully assigned33 by the use of the poten­
tial derived from scattering and bulk data .27
Ab initio studies of the H e - C 2H2 complex are 
scarce .33,34 Slee et al,33 calculated the potential energy sur­
face for this system using the supermolecular MBPT2 
method. Dynamical calculations on this potential energy sur­
face failed to explain the recorded infrared spectrum of the 
complex .32 Although an MO-LCAO picture35 suggests that 
the ground state of the acetylene molecule is a simple closed- 
shell system, a recent study by Duran et al,36 using the 
paired-excited M CSCF method showed that the excited 
7T2 —>7r* 2 configurations give a considerable contribution to 
the exact wave function. This implies that accurate ab initio 
calculations of the molecular properties of acetylene and of 
the interaction potentials involving this molecule will require 
the use of highly correlated methods. Indeed, the simple 
MBPT2 method for the quadrupole moment of C2H237 gives
O  Q
worse agreement with the experiment than the SCF ap­
proach, and the inclusion of higher correlation effects via an 
approximate coupled-cluster doubles method39 does not help. 
The M BPT series for the static polarizability do not appear to 
converge ,40,41 and to obtain an accurate value one has to 
resort to sophisticated variants of the coupled-cluster theory 
with triple excitation operators explicitly included. The M C­
SCF calculations, in turn, require the use of extended valence 
spaces .42,43 The results of these studies suggest that the theo­
retical description of intermolecular interactions involving 
the acetylene molecule is a challenge for ab initio methods. 
It is not surprising, then, that straightforward supermolecule
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MBPT-like calculations for H e -C 2H2 cannot meet this chal­
lenge.
On the other hand, perturbation theory calculations 
based on the damped multipole expansion44-47 may suffer 
from convergence problems that arise when the size of one 
of the interacting molecules is comparable with the intermo­
lecular distance. Although this problem can be circumvented 
by the use of distributed multipole moments48,49 and multi­
pole polarizabilities,50,51 most of these schemes (usually de­
fined using basis set partitioning techniques) are highly 
nonunique and do not always lead to stable expressions for 
the induction50 and dispersion52 energies.
Recently, a new theoretical method of calculating poten­
tial energy surfaces for van der Waals molecules based on the 
symmetry-adapted perturbation theory of intermolecular 
forces53-56 has been developed .57-64 In this method, referred 
to as the many-body symmetry-adapted perturbation theory 
(SAPT), all physically important contributions to the poten­
tial, such as electrostatics, exchange, induction, and disper­
sion are identified and computed separately. By making a 
perturbation expansion in the intermolecular interaction as 
well as in the intramolecular electronic correlation, it is pos­
sible to sum the correlation contributions to the different 
physical effects only as far as necessary. The SAPT approach 
does not use the multipole expansion44,45 so all charge pen­
etration (damping) effects are automatically included. Since 
various contributions to the interaction energy show a differ­
ent dependence on the intermolecular distance R , they can be 
fitted separately, with adjustable and physically interpretable
65-67 This method has been applied to determine 
interaction potentials for the H e - K +,68 H e - N a +,69 A r - H 2,70 
and H e -H F 71 systems (see Ref. 1 for a recent review of 
SAPT theory and applications). In all cases, excellent agree­
ment is achieved when compared with the accurately deter­
mined (semi-)empirical potentials available for these sys­
tems.
Since the intermolecular potential is not directly mea­
sured, further calculations were performed to compute quan­
tities observed in experiments. Moszynski et al. have com­
puted the transport properties of the isotropic H e - K + (Ref. 
68) and H e -N a + (Ref. 69) systems. As examples of aniso­
tropic systems, far- and near-infrared spectra of A r - H 2,72
n n
and the near-infrared spectrum of H e -H F  * have been gen­
erated. The resulting line positions were in very good agree­
ment with the experimental data (see Ref. 2 for a review of 
dynamical calculations).
In the present paper we report SAPT calculations of the 
potential energy surface for H e -C 2H2, and dynamical calcu­
lations of the positions and intensities of lines in the near- 
infrared spectrum of the complex in the region of the 
v3/(v2+ ^4+ ^5)° Fermi diad of the free acetylene. The plan of 
this paper is as follows. In Sec. II the SAPT calculations are 
briefly described. The analytical fits to the computed points
parameters.
II. OUTLINE OF SAPT CALCULATIONS
In the present paper we follow the approach introduced 
and tested in previous papers .68-71 The SAPT interaction en­
ergy is represented as the sum of polarization and exchange 
contributions,
_  rr( 0 (2) . ir(2)£ int= £ - [  + £ < l + £ - ;  + £ ^ h+ •  • (1)
where E p0, is the classical electrostatic energy calculated 
with full account of the penetration (overlap) of the charge 
distributions of the monomers, E ^  is the sum of the nonex­
panded classical induction and quantum mechanical disper-
sion energies,
E(2) = £(2) , £(2) ■^pol i^nd disp (2)
and £exch» n = 1» 2 are exchange components. The second- 
order exchange energy is also split into induction and disper­
sion parts,
(2) _ zr(2) (2)— py-)  _l_ rr 
^ e x c h  ^ ex ch - in d  ^ ex ch -d isp (3)
where the exchange-induction (£exch-ind) anc  ^ exchange- 
dispersion (Æixch-disp) energies represent the coupling of the 
electron exchange with the induction and dispersion interac­
tions, respectively.74 Each term on the right-hand side of Eq. 
( 1) is evaluated using the many-body perturbation expan­
sions with respect to the intramolecular electronic correla­
tion,
oc oc
p(k)  
^  pol pol E
(k)
exch
(kn) 
exch ’ (4)
n = 0 « = 0
where E ^ ] and ch are polarization and exchange cor­
rections of the kth order in the intermolecular interaction, 
and of the /2 th order in the intramolecular electronic correla­
tion. For our purposes, it is useful to introduce the following 
quantities:
(kn)
i k ) = F ( k ) _  F (k0) 
pol pol ^ p o l and
.(*)
exch E
(k) _ g ( k 0 )
exch exch • (5)
Since the corrections E ^ 0) and £ ^ (Ch completely neglect the 
intramonomer correlation effects, e^ j  and £ ^ h represent the 
total intramonomer electron correlation contributions to
E po\ and Eexcb » respectively.
For further discussion it is useful to write the SAPT
interaction energy as a sum of components corresponding to
the H artree-Fock ( £ ^ )  and correlated (E™™) levels of the
theory
_  r?HF corr (6)
The H artree-Fock interaction energy can be decomposed
75-78as
pHF_ r (  10) 1 10) 1 r ( 20) I 17(20) _ l _  (n
^ i n t  pol exch ind.resp cxch-ind,resp i n t ’ '
where £pO0) and Egxch are electrostatic and exchange con 
tributions, respectively, with complete neglect of the in 
are presented in Sec. III. In Sec. IV we describe the features tramolecular correlation effects,79 £ jn d , r e s P a n d  ^ tx ch - in d .re sp  816
of the computed potential energy surface. The formalism 
used in dynamical calculations is outlined in Sec. V. The 
results of bound state calculations are discussed in Sec. VI. 
Finally, in Sec. VII we present conclusions.
the H artree-Fock induction and exchange-induction ener 
gies, respectively, accounting for the coupled-Hartree-Fock 
type response, i.e., for the perturbation-induced modification 
of the H artree-Fock potential,77,78 and SE \^  collects higher-
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order induction and exchange contributions. For the 
H e-C 2H2 interaction at large intermonomer distances R the 
latter term is dominated by the third-order induction energy_I o
and vanishes as R . Note that the sum of electrostatic and
exchange terms, £poi) + ^ixch > ls verY close to the Heitler- 
London (HL) energy. In fact it differs from the HL energy by 
the small zeroth-order exchange term, vanishing with R as 
the fourth power of intermolecular overlap integral.79
At the correlated level, the SAPT interaction energy is 
represented by
pCOTT_ (1) . (1) 12) , r ( 2 )  I zt*(2) / o \
^ i n t  e pol exch ind disp exch-disp ’ v * /
where £ ^ p is the dispersion energy, while , 4 *ch » and 4nd 
are defined by Eq. (5). Each term on the right-hand side of 
Eq. (8) can be evaluated using many-body perturbation ex­
pansions (4). The choice of the truncation levels of these 
expansions is characteristic for the system under study. In 
cases of slow convergence of the series (4) one may have to 
resort to nonperturbative techniques, i.e., to summations of 
selected perturbation theory contributions in the spirit of the 
coupled-cluster theory, widely used in correlation energy cal­
culations.
COIT
TABLE I. Convergence of the many-body perturbation expansions of the 
electrostatic, exchange, induction, and dispersion components of the inter­
action energy. Energies are in mhartree.
/? =  8 bohr, # = 0 ° R = 1  bohr, £ = 9 0 °
W p
p^ol.resp
-0 .0 2 8 8
-0 .0 0 7 8
0.0018
-0 .0 3 3 9
0.0015
0.0002
3 3 ,
Acxch(CCSD)
0.1814
0.0010
0.0263
0.0150
0.1833
0.0043
-0 .0 0 9 3
-0 .0 1 2 5
E(20)^ ind.rcspJ 22)Snd
-0 .0 3 3 6
0.0010
-0 .0 1 6 9
0.0013
*82
E{Ê
£g?(DQ)
£ g P(DQ)a
[ i / i ]
E& S)
Edit1\ T)
« s e b
-0 .2 0 1 9
-0 .0 1 6 2
0.0041
-0 .2 1 4 0
-0 .2 1 4 8
-0 .0061
-0 .0 1 8 4
-0 .0 2 0 5
-0 .1 7 3 4
-0 .0 0 9 7
0.0054
-0 .1 7 7 7
-0 .1 7 9 6
0.0033
-0 .0 1 5 9
-0 .0071
In our calculations the contributions to were ap- ‘’£^= £ '¡,¡^(5) + £^(D Q )+ E ® (T).
proximated as follows:
+  £ (13)pol pol.resp pol,resp
( 1) _ £ (1  1) i £ ( 12) ,  a (1) 
exch exch ■^ -'exr.hexc exch
12) _  122) 
ind -  n n d  »
£ (2) =  £ (20) ,  £ (21) ,  £ (22) 
disp disp disp disp
£ ( 2) —£ ( 20)
^exch -d isp  -‘^ e x c h -d isp ’
(9)
(10)
(11)
(12)
(13)
The electrostatic corrections i! '’ are defined as in Ref.pol.resp
6Û. The first-order exchange components £gXçh ^  defined as 
in Refs. 61 and 62, and A^^ch(CCSD) is the sum of higher- 
order terms (in the intramolecular correlation) obtained by 
replacing the first- and second-order cluster operators enter­
ing the expression for £exch by the converged coupled-cluster 
singles and doubles (CCSD) operators.80 The dispersion 
components E ¿2S'p are derived in Ref. 59. The induction- 
corrélation term e-2^  represents the true correlation contribu­
tion to the nonrelaxed E - ^  correction, as defined in Ref. 63. 
Finally, £ exch-disp 1S the so-called “ H artree-Fock” exchange- 
dispersion energy.74
As shown in Table I, the convergence in terms of the 
intramolecular correlation is very good for the electrostatic 
and induction energies, and the approximations given by 
Eqs. (9) and ( 1 1 ) should be accurate within a few percent. 
Series (4) for the exchange energy E {JJch converges very 
slowly. This slow convergence of the many-body perturba­
tion expansion for the exchange energy is due to the anoma­
lously small value of the first-order correlation correction 
^exch, and is related to the Brillouin theorem. (Note, that
3. The convergence of the many-body perturbation ex­
pansion of the dispersion energy is only moderately fast. 
High-/7 convergence of this expansion for £ ^ p has been 
solely investigated in the ring approximation .81 It has been 
found that in this approximation the convergence was very 
fast: The contribution of terms of the order higher than the 
second { n ^ 3) was about 1% of the total value of the disper­
sion energy in the ring approximation. For the H e - C 2H2 sys­
tem the series of contributions of double and quadruple ex­
citation diagrams, Z ^ 'p  (D Q ), converges well: The sum of
through the second-order,the corrections
(22)
£(20) I £(21)
^  disp ' ^  disp
+ £ ^ ( D Q ) ,  agrees very well with the value of the Pade 
approximant [1/1]. On the other hand, the single ( £ ^ ( 5 ) )  
and triple ( £ ^ ( 7 ) )  excitation components of £ ^  are quite 
important. Their contributions to higher-order intramolecular 
correlation terms £dfs'p , 3, have not been calculated thus 
far for any system, so it is difficult to make definitive pre­
dictions about their importance.
The intermolecular potential energy surface for the 
H e - C 2H 2 system, where C2H2 is kept rigid and linear, can be 
naturally described in the Jacobi coordinates (/?,#), where R 
is the distance from the center of mass of C2H2 to the He 
atom, and #  is the angle between the vector pointing from 
the center of mass of C2H2 to He and the vector pointing 
from one carbon atom to the other. Calculations have been 
performed for five intermolecular distances R ranging from 
R = 6 to R = 10 bohr, and nine equidistant angles #  varying 
from $ = 0 °  to $ = 9 0 °  in increments of 11.25°. In addition, 
$ = 1 6 °  and 50° potential energy curves have been computed, 
p^ol.resp vanishes exactly due to the Brillouin theorem.) In total, we calculated 55 points on the surface. In all 
Therefore, to get converged results one has to include higher- calculations the geometrical parameters of the acetylene
subunit were fixed at their equilibrium values ,82 i.e., r(CC) 
=2.273 718 3 bohr and r (C H )=2.004 243 4 bohr.
order terms by means of the CCSD approximation. As dis­
cussed in Refs. 61 and 62 A ^ ch(CCSD) should represent to a 
Eood approximation the sum of the corrections £ ^  with The selection of a good basis set is very important for
J. Chem. Phys., Vol. 102, No. 21, 1 June 1995
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TABLE II. Basis set dependence of the interaction energy components. All 
values are for R = 8 bohr and $ = 0 ° .  Energies are in mhartree.
Basis A B
ir(IO)
^ p o l
zrUO)
^  cxch
E m
^ind.rcsp
rr(20)^  cxch-ind.rcsp
-0 .0 2 8 8 -0 .0 2 8 5
0.1814
-0 .0 3 3 6
0.0071
0.1817 f r
-0 .0 3 4 3  
0.0071
£ hf 0.1131 0.1130
E (,?)pohrcsp
E u i^noLrcsp
/Til l )
^c.xch
/r(i2)^  cxch
-0 .0 0 7 8
0.0018
0.0010
0.0263
-0 .0 0 7 0
0.0012
A<|>h(CCSD) 0.0150
A 22)
Snd 0.0010
E<f0)*-disp
zr(2l)
^d isn
e P^d isp
IT (20)
^cxch-disp
F.u \x\\
-0 .2 0 1 9 -0 .2 1 0 2
-0 .0 1 6 2 -0 .0 1 6 9
-0 .0 2 0 5
0.0066
-0 .0 8 1 7
0.0075
-0 .0 8 8 8 a
—0.0900b
aThe corrections E ^ p ,  E ^ h , A«ch(CCSD), e£d21 and E g g  are fixed at 
their values in basis A .
hE in, with all corrections computed in basis A , except for the £dl°|! compo- 
nent.
calculations of intermolecular potentials. In the present work 
two basis sets have been used: The 107-term basis A consist­
ing of a [553/7\d] basis on helium and a [As3p2d\ f l  
3s2p\d]  basis on acetylene, and the 164-term basis B con­
sisting of a [5s4p3d2f]  basis on the He atom and a 
[4s4p3d2f /3s2p  1 d] basis on the C2H 2 molecule. The s 
orbitals of helium were represented by the (61111) contrac­
tion of Van Duijneveldt’s 10s set,83 and the exponents of the 
polarization functions were taken from Ref. 84. The basis set 
for the acetylene molecule contains the double-zeta [4s2p / 
2s] basis of Dunning ,85 augmented by one diffuse s function 
on hydrogen with exponent 0.048 273. For the basis A the 
polarization exponents on carbon are p: 0.036 542, d:
0.192 665 and 0.044 091, ƒ  : 0.098 83, and on hydrogen, p:
0.9952 and 0.139 24, d: 0.122 95. The basis set B of acety­
lene consists of the basis A augmented by one p function 
with exponent 0.011 652, one d function (0.8419), and one ƒ  
function (0.30). All exponents of the polarization functions 
were taken from Ref. 40. The spherical form of the polariza­
tion functions has been used (5 d functions and 7 ƒ  func­
tions). In order to fully account for the charge-overlap effects 
all calculations have been done using the full dimer basis set.
Examination of the basis set convergence of various cor­
rections to the interaction energy displayed in Table II sug­
gests that most of the components are reasonably well satu­
rated in basis A . In particular, the Hartree-Fock interaction 
energy is clearly converged. The electron correlation compo­
nents show slightly larger variations with the size of the basis 
but they are relatively less important. The only exception are 
the dispersion contributions. Since computations of all terms 
contributing to the interaction potential in basis B would be 
very computer time demanding, we decided to perform all 
calculations in basis A , except for the leading dispersion
term E ^ , which was computed in basis B. As shown in 
Table II and in Ref. 70, this computational scheme should 
reproduce the interaction energy within a few percent.
All calculations have been performed with the SAPT 
system of codes .64 In addition, long-range induction and dis­
persion coefficients corresponding to the multipole-expanded 
induction86 and dispersion energies71 have been computed at 
the same level of theory and the same basis sets using the 
POLCOR package .66 These coefficients have been subse­
quently used in the analytical fits of the induction and dis­
persion energies. We used the B oys-B em ardi counterpoise 
correction to eliminate the basis set superposition error from
0 7
the supermolecular H artree-Fock calculations.
III. ANALYTICAL POTENTIAL FITS
In SAPT calculations different contributions to the inter­
action energy exhibit different radial dependence, and each 
component of the interaction energy can be fitted separately. 
Therefore, we performed separate fits of the sum of short- 
range contributions £ shorl,
f  — rU ) _i_ r ( l )  _L zr(2) I r-(2) +  (14)
^  short ^ p o l  ^ e x c h  ^ ex c h - in d  ^exch -d isp  0  int
[the terms on the right-hand side of Eq. (14) were defined in 
the previous section], of the induction energy E ^d , and of the 
dispersion energy Note, that the last term on the right-_ UC
hand side of Eq. (14), , is the sum of higher-order in­
duction and exchange contributions and its dominant term 
decays as Æ“ 13. Since at H e - C 2H 2 distances considered in 
this work higher-order induction energies are dominated by 
the short-range charge-overlap effects, we decided to include 
this term into the £ sh0rt component.
The fitting procedure adopted in the present work was 
the following: For fixed values of the angle $ , we per­
formed one-dimensional fits of the short-range, induction, 
and dispersion components. The fitted parameters as func­
tions of ïï were subsequently interpolated with cubic splines, 
and represented as Legendre expansions in P ((cos #). It may 
be noted that these parameters could be directly interpolated 
with Legendre polynomials or fitted as a Legendre expan­
sion. We found it preferable to first smooth their ü  depen­
dence with cubic splines, and then to use numerical integra­
tion to obtain a Legendre expansion. In this way unphysical 
oscillations between the points were avoided, and high accu­
racy of the fit was maintained both in the strongly aniso­
tropic repulsive region, as well as in the weakly anisotropic 
region of the van der Waals minimum.
It is known that the short-range term E short(Æ ,#) depends 
exponentially on R. However, a precise analytical expression 
has been derived thus far only for the hydrogen atom-proton 
interaction .88 Therefore, we decided to represent the short-1 
range contribution by the function I
E shon(R ,ü )  = C l exp( - a ( ü ) [ R - R s0(ü)])
+ C2R exp{-a(d)[R-R- \ ( -&)]) ,  (15)1
where Cj =  1 hartree and C 2= l  hartree/bohr. The parameters
/?o(tf/), and were determined for fixed usl
ing the weighted least-square method with weights exponenl 
tial in R. Subsequently, each set of parameters, {<ar( #ƒ)}/*il  
{/?o(#,•)}/= i> anc* W (*;)}?« i> was interpolated using cubicl
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splines with derivatives at # = 0° and # = 9 0 °  fixed at zero 
The parameters a2h ^o ,2/> anc* ^ i , 2/ m the Legendre expan-
sions,
/ 3 ' ( # ) = X  ß iiP n icos  ■&),
1 = 0
8
<*(#) =  2  a 2,P2,(cos ■&),
1 = 0
Rq( ^ )  —2  ^ 0,2/^>2/(cos ^)> (20)
/=o
8
Ä j ( d ) = 2  ä ; i2, p 2/(cos 1?), (16)
/ = 0
8
/ = 0
were obtained by numerical integration of the spline func­
tions using G auss-Legendre quadrature. Note that, due to 
the symmetry of the C2H 2 molecule, only even terms con­
tribute to expansions (16).
The induction component E\^d(R,ft) was represented by 
the sum of the damped multipole expansion and a B o m -  
Mayer function (the latter representing the short-range 
charge-overlap terms89,90),
/? '(# )  =  2  ^ 2, P 2;(cos ■&),
1 = 0
by the use of numerical integration based on G auss-  
Legendre quadrature.
In principle, the dispersion energy could be fitted in the 
same way as the induction component. However, due to a 
very slow convergence of the multipole expansion, the trun­
cation of the damped multipole series at n = 12 gave very 
poor fits, and the inclusion of the n —14 terms did not help. 
Something similar was experienced by Bemish et a l n  for 
the A r - C 2H2 complex. To remedy this problem, we intro­
duced into the functional form of E ^ sp(R,ft) a linear param­
eter F(ft) multiplying the damped multipole expansion,
E ^ J R , 0 )  =  C , ex p (-  /3d(# )  [/? — < (  ) ])
E \ü (R ,ö )  = C l exp( —/ ? ' ( # ) [ * - / ? [ , ( £ ) ] )
- . w S  / 2n(* ; /3‘i( t f ) ) c 2n,disp( t f ) / r 2' \
n = 3
(21)
2  / 2n ( ^ ; /3' ( # ) ) C 2ntind(#)Æ  2,1, (17) where C x = — 1 hartree. The role of the parameter F (ft) was
n = 4
where C l = — 1 hartree. The induction constants for a given ft 
are defined by
to account for different convergence rates of the damped 
multipole expansion for various #  in a way which is not 
already taken care of by the Tang-Toennies damping. The 
dispersion constant for a given ft is given by
n — 2
n-2
< W * ) = 2  c V  indP 2i(COS - & ) , (18)
C 2n,disp(^) — 2  C 2^ disp/>2((C0S # ) , (22)
1 = 0
/=o
9 /
where C2n inci ^  standard long-range induction coefficients\ 9 /
as defined in Ref. 86. The coefficients C2n [nd were not fitted 
but computed ab initio in the same basis set and at the level 
of theory corresponding to the fitted function E ( R , f t ) .  We 
assumed the damping function f n{R\b)  in the T ang- 
Toennies form46
91where C2nidisp are standard long-range dispersion coefficients 
as defined in Ref. 71. The coefficients C \ln disp were not fitted 
but computed ab initio in the same basis set and at the level 
of theory corresponding to the fitted function E ^ sp(R,ft), cf. 
Eqs. (19) and (23) and (24) of Ref. 71. The damping function 
f n(R ' , p )  was assumed in the Tang-Toennies form, cf. Eq. 
(19). The fits for fixed ft were done using the weighted least- 
square method with R 6 weights. Subsequently, the param­
eters /3d(fti), /?o(#/), /?*(#;), and F (f t t) were interpolated 
with cubic splines, and represented as series in P t{cos ft), cf.
Eq. (20).
The comparison of the final fitted potential with the ab 
initio points on which the fit was based, as well as with the 
The damping parameter ¡3'(ft) was not determined from the additional results off the grid, shows that the typical approxi- 
fit of the short-range energy [i.e., not put equal to the param- mation error is of the order of 0.5%. The only exception is, 
eter a ($ )  of Eq. (15)], but fitted independently. Similarly as for obvious reasons, the region where the interaction energy
f n(R;b)=  1 - e x p ( - b / ? ) 2
k = 0
(bR)k 
k\
(19)
w
in the case of the E short component, the fits were made for 
fixed values of the angle ft using the weighted least-square 
method with R s weights. The fitted parameters /3l( f t {), 
W ) ,  and 0 (  f t{) were interpolated with cubic splines and 
expanded as series in Legendre polynomials:
goes through zero. Note, however, that the fit was based on 
points corresponding to the well of the van der Waals mini­
mum (i.e., R ^ 6 bohr). Therefore, it may extrapolate less 
accurately to the region corresponding to the highly repul­
sive wall of the interaction potential. A FORTRAN subroutine
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FIG. 1. Angular dependence of the H e - C 2H2 interaction potential in the 
region of the van der Waals minima (/? =7.39 and 8.20 bohr).
for generating the potential is available from the authors at 
the electronic mail address (avda@theochem.kun.nl).
IV. FEATURES OF THE POTENTIAL ENERGY 
SURFACE
The computed potential energy surface reveals two non­
equivalent minima (and two others determined by symme­
try). The global minimum is located near the linear H e -  
HCCH configuration at #,„ =  14.16° and /?,„ =  8.20 bohr, and 
its well depth amounts to em = —22.292 cm -1 . In this region 
the electron density of the acetylene molecule is somewhat 
depleted, so the primary minimum corresponds to a geom-
FIG. 2. Angular dependence of the H e - C 2H2 interaction potential in the 
repulsive region (ƒ?= 6.0 bohr).
In order to visualize the shape of the potential energy 
surface in the regions of the two minima, we report in Fig. 1 
curves representing cuts through the surface at /? =  7.39 and 
8.20 bohr and for ft ranging from 0° to 180°. An inspection 
of Fig. 1 shows that the two curves represent double-well 
potentials with rather small barriers separating the equivalent 
minima. The local minima are located between two repulsive 
walls. The height of the wall suggests that it may represent a 
barrier to internal rotations of the C2H2 subunit within the 
complex. However, small changes in R encounter very small 
thresholds, while this barrier diminishes considerably. At 
/? =  8.20 bohr it amounts only to 1.3 cm -1 , and it disappears 
completely at larger distances. In the region of the global 
minimum the interaction potential is flat as a function of R 
and ft, and the anisotropy is relatively weak. These charac-
etry with the helium atom lying close to a slightly positively teristics of the H e -C 2H2 potential energy surface in the mini­
charged hydrogen atom. The local minimum, in turn, is lo­
cated at a skew geometry of the complex (ft,n =48.82°,
Rm= 139  bohr, and £,„ =  —21.983 cm ').
The predicted positions and depths of the minima differ 
considerably from previous ab initio results of Slee et a i"  
computed at the MBPT2 level of theory. These authors found 
a single minimum for the linear geometry at R = 8.84 bohr 
with a well depth of about - 8  cm -1 only. However, the 
supermolecule MBPT2 calculations are not expected to pro­
duce quantitative results for dimers containing molecules 
with triple bonds. Our potential can also be compared with 
the empirical surface of Danielson et a I.21 The global mini­
mum in this potential corresponds to the ‘T ” geometry of 
the complex (R = l .05 bohr), and the depth of the well is 21.8 
cm -1 . Finally, the most recent scattering potential of 
Schlemmer28 shows a minimum at R = 1 3  bohr and # = 5 7 .9 °  
with a well depth of 20.1 cm -1 . While the well depths of the 
scattering potentials27,28 are in reasonable agreement with 
our findings, their positions differ considerably. This is not 
surprising, however, since the differential scattering data at 
collision energies much larger than em is very sensitive to the
mum region strongly suggest that the acetylene molecule in 
the complex should behave as a slightly hindered rotor (cf. 
also Secs. V and VI for the discussion).
By contrast, the anisotropy of the potential is very pro­
nounced in the repulsive region. In Fig. 2 we report the an­
gular scan of the potential energy surface at R = 6 bohr. 
There, the potential shows a very strong angular dependence: 
the interaction energy changes from 1738.8 cm -1 at ft=0° to 
23.0 cm -1 at # = 9 0 ° ,  i.e., roughly by a factor of 75.
To investigate the importance of the anisotropic contri­
butions to the potential in various regions of the configura­
tion space it is useful to expand it as a series in Legendre 
polynomials:
cc
V(R,$)  = 'Z  V2,{R)P2,{c o s # ) (23)
1 = 0
The expansion coefficients V{(R) can be written as
2 / + 1  fir
V i ( R ) = - ^ r -  V(R,ft)P¡(cos ft)s'\n ft d ft,
2 Jo
(24)
anisotropy of the potential in the repulsive region and can and can be easily evaluated numerically by the use of the
hardly be used to locate the van der Waals minimum without 
ambiguity.
G auss-Legendre quadrature. The advantage of expansion 
(23) is that it shows explicitly the anisotropy of the potential
J. Chem. Phys., Vol. 102, No. 21, 1 June 1995
Moszynski, Wormer, and van der Avoird: Spectrum of He-C2H2 8391
R  ( b o h r )
FIG. 3. Expansion coefficients V,{R) [cf. Eq. (23)] of the anisotropic 
He-C2H2 potential.
the term with / = 0  being the isotropic potential. In order to 
establish the importance of various anisotropic terms at vari­
ous /?, we report in Fig. 3 the radial dependence of the V{(R) 
coefficients for 10. Around R = 8.2 bohr the interaction 
potential is dominated by the isotropic term and the leading 
anisotropic component V2(R ). By contrast, in the region of 
the local minimum, and in the repulsive region higher aniso­
tropic terms are very important and the convergence of ex­
pansion (23) for fixed R and ft varying from 0° to 90° is not 
particularly fast.
The total interaction energy and its dominant compo­
nents ( £ short, £jnd » and E (^ lp) for R =  8.20 bohr and varying ft 
are shown in Fig. 4. A similar scan for R =7.39  bohr does not 
exhibit essentially new features, and is not reported. The 
short-range energy and the dispersion energy are two major 
contributions to the interaction potential determining its an­
isotropy. The induction energy is relatively less important 
and is very flat as a function of ft. As expected, the disper-
FlG. 4. Angular dependence of the H e - C 2H2 interaction energy components 
in the region of the global minimum (/? =  8.20 bohr).
l9
FIG. 5. Comparison of the anisotropies of the H e - C 2H2 potentials neglect­
ing (dashed line) and including (full line) the CCSD contribution to the 
exchange energy at /? =  8.0 bohr.
sion energy reveals minima at the hydrogen atom ends, 
and a broad maximum in the middle of the C = C  bond. 
Obviously, the dispersion component favors the linear mini­
mum in the potential energy surface. However, the short- 
range energy (dominated by the exchange energy, cf. Table I) 
behaves, to a good approximation, in a reversed manner to
p . Consequently, the positions of the minima result from 
a delicate balance of the attractive and repulsive components.
As discussed in Sec. II, the inclusion of the CCSD in­
tramolecular correlation [i.e., of the A ^ ^ C C S D )  term, cf. 
Eq. (10)] was essential to get converged values of the ex­
change energy. To investigate the effect of this term on the 
total interaction energy, we compare in Fig. 5 the angular 
dependence of the potentials neglecting and including 
Agxch(CCSD) at Z? =  8 bohr. While the overall shapes of the 
two curves are similar, the inclusion of the CCSD correlation 
in the exchange energy strongly affects the interaction en­
ergy in those regions where the He atom lies closely to the 
hydrogen atoms (# ^ 3 0 ° )  or to the triple CC bond, i.e., in the 
regions where the electron density of the acetylene molecule 
shows a depletion or excess of electronic charge. This is not 
surprising since the exchange energy can be written in terms 
of the density matrices of the isolated monomers, and the 
electron densities of molecules with triple bonds are known 
to be sensitive to electronic correlation beyond the MBPT2 
level of theory.91
It is interesting to note, that the exchange-correlation 
component e ^ ch [neglecting or including A ^ ^ C C S D )]  is 
dominated by the so-called K{ term. As shown in Ref. 62 
this contribution can be exclusively expressed via the inter- 
molecular interaction operator and one-particle density ma­
trices of the isolated monomers constructed from correlated 
spin orbitals of the form
4>y= ( \  +  T x)4>y * (25)
where is the CCSD single-excitation cluster operator of 
the monomer A or 5 ,  and cf>y is an occupied H artree-Fock 
spin orbital of A or B. [When A ^ / C C S D )  is neglected, the
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operator T, in Eq. (25) is approximated by its leading 
second-order (in intramolecular correlation) contribution 
T \2).] Since depends only on the T x operator, our results 
suggest that a large part of the exchange-correlation energy is 
due to one-particle (single-excitation) correlations. The im­
portance of the AgxCh(CCSD) term shows, in turn, that the 
inclusion of these correlations beyond the second-order level 
of theory (i.e., beyond T ^ )  is essential to get the correct 
exchange-repulsion. These results imply that the MBPT-like 
methods are not able to provide a quantitatively correct de­
scription of the exchange energy since the MBPT/? one- 
particle density matrices, n = 2, 3, 4 can be exclusively writ­
ten in terms of the T\2) operator,60,92 i.e., they entirely neglect 
one-particle correlation effects beyond the second-order of 
approximation.
V. OUTLINE OF DYNAMICAL CALCULATIONS
Depending on the strength of the anisotropy in the inter­
action potential, nuclear motions in weakly bound van der 
Waals complexes are usually described in a set of coordi­
nates related to a space-fixed or body-fixed frame .2 As dis­
cussed in the previous section, the anisotropy of the 
H e - C 2H2 potential in the region of the van der Waals mini­
mum is relatively weak. We expect then that the acetylene 
molecule in the complex should behave as a slightly hin­
dered rotor, i.e., that the space-fixed description is appropri­
ate. As a consequence, the energy levels and infrared transi­
tions in H e - C 2H2 can be approximately classified by the use
A  ^
of the case a coupling of Bratoz and Martin ~ (see Refs. 2 
and 94 for a review). Moreover, the intramolecular vibrations 
can, to a good approximation, be decoupled from the inter- 
molecular modes due to their high frequency (3294.8395 and 
3281.8991 cm -1 for the v3 and (i>2 +  vA+ v5)° components of 
the Fermi diad, respectively95), and vibrationally averaged 
rotational constants b v of C 2H 2 can be used instead. Thus we 
have the following Hamiltonian describing the nuclear mo­
tion:
H = -
fi d 1
2 ¡jlR dR
y R +
2 fiR
2 + / 7 j 2+ V ( /? ,# ) , (26)
where /x is the reduced mass of the dimer, j is the angular 
momentum of acetylene, and 1 denotes the angular momen­
tum associated with the end-over-end rotation of the com­
plex.
In the limit of vanishing anisotropy the following are 
good quantum numbers: y, which corresponds to the rotation 
of acetylene in the dimer, and /, which corresponds to the 
end-over-end rotation of the vector R. The total angular mo­
mentum J=j+1 is always conserved, due to the isotropy of 
space, but j  and / are broken by the anisotropy in the poten­
tial. A degenerate ( j j )  level splits into sublevels J = \ j  
— / | , . . . J  +  / under the influence of the anisotropy. If these 
splittings are small, like in the A r - H 2 case ,72 the states can 
still be labeled to a good approximation by j  and /.
The wave function R,f) was expanded in a basis
of products of radial functions Xn(R) and angular functions 
which are C lebsch-G ordan coupled spherical harmonics
(27)
where Y1.,. denotes the normalized spherical harmonics,
A /  A
(y jm j ;y2m 2|7M ) is the C lebsch-Gordan coefficient, R 
stands for the spherical polar angles of R with respect to a 
space-fixed frame and an analogous definition holds for ?.
The angular basis of Eq. (27) is adapted to the permuta- 
tion inversion group P I(C 2u). The eigenstates with j  even 
and odd are states of para and ortho acetylene in its ground 
vibrational state, respectively, in interaction with the He 
atom. Since the v3 and ( ^ + ^ 4+ ^ 5)° states are antisymmetric 
under the permutation of identical nuclei, the ortho/para as­
signment for the dimer with acetylene in the excited vibra­
tional state is just the opposite of the assignment for a com­
plex with acetylene in the ground state. That is, the van der 
Waals states with j  even and odd correspond here to ortho 
and para acetylene, respectively, interacting with helium. 
[We recall here that the subscript 0 on (z/2+ 1^ + 1^)0 indicates 
that this combination mode is coupled to vibrational angular 
momentum /= 0 .]  The angular basis functions of Eq. (27)
• 1 I
also have a well defined parity p =  ( — 1 )J , so for a given 
parity of j  the full Hamiltonian, Eq. (26), is blocked in both 
p and J .  Within each block various j  and / are mixed through 
the potential.
The radial basis consisted of Morse-type oscillator 
functions98 characterized by three parameters: R e , D e , and 
(oe , which served as further variational parameters. We opti­
mized these by minimizing the energy of the 7 =  0 state. This 
gave R e= 11.345 bohr, D e= 18.3599 cm -1 , and 0^=16.406 
cm -1 . The final basis was restricted to the space with 28 
and 55, while the potential was expanded up to and in­
cluding / max= 10 . The rotational constants of the acetylene 
molecule were fixed at 1.176 642, 1.172 421, and 1.172 552 
cm -1 for ground state, v3, and (y2+  v4+v5)° states, 
respectively.99 All the calculations were performed by the 
a t d i a t s f  program . 100
In the calculation of the intensities of the intermolecular 
transitions, accompanied by the by the monomer transition 
0—>v with v = v3 or (i/2+  v4+ v5)(\  we assume that there is no 
interconversion between ortho and para monomers, so that in 
effect they can be considered to be different molecules. Thus 
for each species we performed a Boltzmann average over the 
u = 0  van der Waals states (with a beam temperature of 
7 = 1  K =0.695 0387 7 cm -1) to obtain transition intensities. 
The contribution to the infrared absorption coefficient
7 ')  from the transition 0
is proportional to
j"gj e x p ( - £ . „  0/kT) , „
--------------------------- (Ej, v, - E Ji„0)S(0, i",J"
(28)
where is the spin-statistical factor equal to 3 and 1 for 
ortho and para acetylene, respectively, EJi v denotes the en­
ergy of the state labeled by (i>,/,7), k is the Boltzmann con­
stant, and Z(T)  is the partition function, i.e., the sum over
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Boltzmann factors (weighted by 2 7 + 1 )  with the same parity that lie above the 7 =  0 state of acetylene) are truly bound,
of j as in the Boltzmann factor in the numerator.
Assuming that the He atom does not affect the monomer 
transition dipole, the line strength is given by
(29)
where /x0t; =  ( 0 | / i m|i>) is the transition dipole corresponding
to the 0— transition (v = v3 or (v2+v4+ ^ 5)°) in the free 
acetylene. Since we are only interested in relative intensities, 
we omitted in Eq. (28) all natural constants, and divided by
because they have no open channels for rotational predisso­
ciation. In particular, all states with odd j  that lie below the 
7 =  1 threshold are bound, since they cannot couple to the 
7 = 0  continuum via the anisotropic potential due to the sym­
metry. Also states with even j  and the parity /? =  ( — l )y+1 
that lie below the 7 =  2 state of C2H 2 cannot predissociate 
because they cannot mix with the 7 = 0  continuum due to the 
parity constraint, while the symmetry of the potential pre­
vents the coupling between functions with even and odd 7 .
As discussed in the previous section, the anisotropy of 
the H e - C 2H2 potential in the region of the van der Waals 
minimum is weak, so the acetylene molecule in the complex
the absolute intensity of the monomer vibrational transition. should behave as a slightly hindered rotor, and the energy
Thus we can use the simple dipole model
0u_ ,, si 1 / ~ \
f^m — MOi (30)
where C lm{?) is the spherical harmonics in the Racah . 
normalization,96 and we find that we must evaluate
= y  y  y  c j '* c j "¿ J  ¿ j  ¿ J  i r J '  ,1' ,n i",j",l",n
levels of H e - C 2H 2 can be approximately labeled with 7' and 
/ quantum numbers. The labeling of the states with these 
approximate quantum numbers is listed in Table III. Also 
shown in this table are contributions of the dominant (7 ,/) 
angular function to the wave function of the Zth state for a 
given 7, defined as
%0 \ / ) = i o o 2  c/* ,'Hc i , . (32)
n
X ( [ Y>'’ ( r) ® Y‘1' ( R) yM, I C'J f  ) I [ Y>\ i  ) ® Y‘'"( R) ]£„  >7' j"
=  ( - D J ' - M ' [ ( 2 7 '  +  1 )(27"  +  1 )] 1/2
I 7 '
X
1 7"
\ — M ' m M
\ y  y  y  c j '*, , \ Z j  jLj  ¿ j  i ' , j ' , l ' , n
;// iff ¡t n J >1 J J
For most of the eigenstates, the dominant (7 ,/) contribution 
to the wave function is larger than 95%. This result clearly 
shows that acetylene in the complex behaves like a nearly 
free rotor. Consequently, the case a coupling of Bratoz and 
Martin ' (see also Refs. 2 and 94) provides the most appro­
priate classification of the energy levels and infrared transi­
tions in H e - C 2H2.
Although the present ab initio potential is very different 
from the scattering potential of Danielson et a ir  and from 
the “ modified ab initio” potential of Slee et al.,33 the pattern 
of the levels is qualitatively the same. In particular, previous 
dynamical calculations33 showed that the weakness of the 
Here, C j j j  n is the coefficient in the eigenvector of the ith interaction and small anisotropy of the potential strongly
J” 1'X C W ' , , , ( - 1 ) [ (2 7 , +  l ) ( 2/ + l ) ] 1/2
X S/I ¡rr' JJ"
J ' V
j"  1
1 j ’ 1
\ 0 0
J
0 (31)
state with 7, /?, i>, and the parity of j  fixed, multiplying the 
basis function ^ w(/£ )[W (?)® y/(R)]A/ . The quantity between
promote the nearly free rotor behavior of the complex, in 
agreement with our findings. On the other hand, the number
curly brackets is a 67 symbol and the one between round of bound states, their energies, and the splittings of states 
brackets is a 3j  symbol, see Ref. 96. It follows from Eq. (31) with fixed (7 ,/)  and different J are quite different.
that the infrared transitions in H e - C 2H 2 accompanying the 
1'i/(v2+v4+v5)° modes of free acetylene will go from ortho 
to ortho and para to para species, and will obey the following 
selection rules: |A/?| =  1, and |A7| =  1 or 0. Additionally, if 
the energy levels can be labeled with the quantum number /, 
the selection rule A / = 0  should hold approximately.
The energy levels of the H e - C 2H2 complex with acety­
lene in the vibrationally excited v3 and (^2+ ^ 4+ ^ 5)° states 
are also reported in Table III. Since the ground state potential 
has been used in all our calculations, the energies of these 
states differ very little from those corresponding to H e - C 2H 2 
(v =0). Indeed, in the limit of the case a coupling the energy 
difference for a given O’,/,/?,J) should be equal to 
(bv — ¿>0)7 (7 +  1 ), where b0 and b v are the rotational con­
stants of acetylene in the ground and excited vibrational 
In Table III we summarize the results of bound state states, respectively. An inspection of Table III shows that this
VI. THE NEAR-INFRARED SPECTRUM OF HE-C,H2' *2
calculations. Our potential energy surface supports 34 bound 
states. As expected, H e - C 2H2 (i> = 0) is a very weakly bound 
complex. The ground states of the para and ortho species are 
bound only by 7.589 cm -1 (for 7 = 0 )  and 5.259 cm -1 (for 
*^= 1), respectively. All other states correspond to angularly 
excited energy levels of the complex. No states excited in the 
van der Waals stretch are supported by the ab initio potential, 
ft should be noted that some states of positive energy (i.e.,
holds to a good approximation, small deviations being due to 
admixtures of angular functions with j ' ^=j.  Note that the 
energy levels for H e - C 2H 2(i 3^) and H e - C 2H2((^2+i^4+ ^ 5)°) 
do not account for the shifts that arise from the fact that 
helium is interacting with the vibrationally excited acetylene. 
Their calculation would require, however, the knowledge of 
the interaction potential as function of the C - H  stretching 
coordinate.
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TABLE III. Energy levels (in cm ') of the H e - C 2H2 complex.
H e - C 2H2(u =0) H e - C 2H2(^3) H e - C 2H2((^2+  vA+v5)°)
7 0 \ / , p ) Ej % ( j J ) Ej Ej
0 (0,0, +  ) -7 .5 8 8  75 97.91 -7 .5 8 9  34 -7 .5 8 9  33
(1,1,+) -4 .7 4 2  26 98.46 -4 .751  38 -4 .751  09
1 ( 0 ,1 , - ) -7 .0 8 4  87 97.95 -7 .0 8 5  45 -7 .0 8 5  43
(2 ,1 , - ) -0 .2 8 8  02 82.66 - 0 .3 1 0  06 -0 .3 0 9  35
(2,2, +  ) 0.828 84 99.15 0.803 02 0.803 85
( 1,0 , - ) -5 .2 5 8  78 97.66 -5 .2 6 7  68 -5 .2 6 7  39
( 1 , 2 - ) -3 .8 1 2  08 97.11 -3 .821  03 - 3 .8 2 0  74
(K l,  +  ) -4 .7 8 0  67 99.34 - 4 .7 8 9  41 - 4 .7 8 9  13
2 (0.2, +  ) -6 .0 8 5  90 98.01 - 6 .0 8 6  46 -6 .0 8 6  45
(2,0, +  ) -0 .631  98 94.90 - 0 .6 5 6  87 - 0 .6 5 6  07
(2 ,1 , - ) -0 .0 8 5  71 99.17 -0 .111 26 - 0 .1 1 0 4 4
(2 ,3 , - ) 2.326 43 98.72 2.300 74 2.301 56
(1,K +  ) -4 .7 4 2  36 97.57 -4 .751  31 -4 .751  02
(1,3,+) -2 .3 8 7  52 96.92 -2 .3 9 6  38 - 2 .3 9 6  10
(1 ,2 , - ) - 3 .7 3 6  59 99.37 -3 .7 4 5  32 -3 .7 4 5  04
3 (0 ,3 , - ) - 4 .6 1 0  97 98.09 -4 .611  52 -4 .611  51
(2 ,1 , - ) -0 .1 0 7  07 95.42 - 0 .1 3 2  12 -0 .1 3 1  31
(2,2, +  ) 0.948 75 99.03 0.923 17 0.923 99
(2,4, +  ) 4.281 08 98.57 4.255 30 4.256 29
(1 ,2 , - ) -3 .7 4 8  10 97.58 -3 .7 5 7  05 - 3 .7 5 6  77
(1 ,4 , - ) -0 .5 1 3  93 96.68 -0 .5 2 2  73 -0 .5 2 2  46
(1,3, +  ) -2 .1 9 4  26 99.40 -2 .2 0 2  98 -2 .2 0 2  70
4 (0,4, +  ) -2 .6 9 3  81 98.08 - 2 .6 9 4  36 - 2 .6 9 4  34
(2 ,3 , - ) 2.469 54 98.98 2.443 95 2.444 77
(2 ,5 , - ) 6.642 71 98.39 6.617 18 6.618 00
(1,3, +  ) -2 .291  69 97.60 - 2 .3 0 0  64 - 2 .3 0 0  36
(1,5. +  ) 1.759 36 96.21 1.749 47 1.750 90
(1 ,4 , - ) -0 .1 8 7  67 99.43 - 0 .1 9 6  37 - 0 .1 9 6  09
5 (0 ,5 , - ) -0 .3 9 3  85 97.71 - 0 .3 9 4  49 - 0 .3 9 4  47
(2,4, +  ) 4.443 68 98.99 4.418 10 4.418 92
(1 ,4 , - ) -0 .4 0 2  93 97.64 -0 .411  86 -0 .411  57
(1,5, +  ) 2.222 46 99.47 2.213 78 2.214 05
6 (2 ,5 , - ) 6.814 42 99.01 6.788 87 6.789 69
d ,5 ,  +  ) 1.867 18 97.67 1.858 27 1.858 56
Since the rovibrational states of He-C^H^ reveal the while the presence of a horizontal nodal plane suggests that
nearly free rotor behavior, it may be interesting to see the 
contour plots of the corresponding wave functions. In Fig.
it can be considered as a bending excited state.
The highly delocalized character of the H e -C 2H 2 van
6 (a) we depict the contour plot of the anisotropic potential, der Waals states suggests that the average position of He may 
while in Figs. 6 (b) and 6 (c) we report the 7 =  0 state wave be very different from the minimum-energy geometry. In
functions for 7 =  0 and 1, respectively. The wave function for 
the 7 = 0  state shows two maxima separated by a small valley 
(and two other determined by symmetry). The positions of 
these maxima are rather close to the positions of the minima 
in the potential [shifted to larger /?, cf. Fig. 6 (a)]. The state is 
highly delocalized, especially in fr. It explores a very broad 
range of angles. Again, this confirms its free rotor character. 
Note, that in the limit of case a coupling the contour plots for 
this state should have spherical symmetry. Figure 6 (b) 
shows, however, that the small mixing of states with 7 ^ 0  
induced by the anisotropy strongly affects the shape of the 
wave function.
By contrast, the contour plot of the wave function for the 
7 =  0 state of ortho H e -C 2H 2(i; = 0) reveals a single maxi­
mum for the linear H e-H C C H  geometry. Again, the radial 
position of this maximum is rather close to the position of 
the global minimum in the potential [cf. Fig. 6 (a)]. Also this 
state shows a substantial delocalization both in R and #,
Table IV we report the expectation values of the van der 
Waals stretch coordinate (/?), the end-over-end rotational 
constants B = ( h 2/2/j,R2), the values of R 0 = ( R ~ 2)~w~, 
the average values of the second Legendre polynomial 
( P 2(cos #)), and the values of the angle $0 
= arccos[(2(P2(cos t f ) )+ l ) / 3 ] l/2 for all states with 7 = 0  and
1. Indeed, both (( /? ) ,#0) and (R0,ft0) are different from the 
positions (Rm corresponding to the primary or second­
ary minima.
Finally, in Fig. 7 we report the near-infrared spectrum 0! 
H e - C 2H2 accompanying the v3 band of acetylene, generated 
from our ab initio potential. The rotational temperature in the 
beam was assumed to be 1 K. A similar picture for the region 
of the (v2+ vA+ v5)[) monomer band does not exhibit any new 
features and is not reported. The predicted dimer transitions 
are grouped in three bands which can be associated with the 
P ( l ) ,  R{0), and R(  1) transitions in the free acetylene. A* 
expected, all lines may be identified within the case a cou­
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(b) R  {b o h r)
pling of Bratoz and Martin as A/ =  0 transitions. Thus the 
H e-C 2H2 spectrum may be considered as the spectrum of the 
free acetylene perturbed by helium. Our synthetic spectrum 
agrees qualitatively with the experimental spectrum recorded 
by Miller et al.,32 and on the basis of our calculation one 
could tentatively assign the observed lines. However, since 
small red/blueshifts are expected to occur, the knowledge of 
the upper state potential is necessary to make definite assign­
ments.
VII. SUMMARY AND CONCLUSIONS
The interaction potential energy surface of the H e - C 2H 2 
molecule has been calculated for a broad range of H e -  
HCCH configurations using the symmetry-adapted perturba­
tion theory and a high-level treatment of electron correlation.
R  (b o h r )
FIG. 6. (a) Cut through the ab initio H e - C 2H2 potential (in c m -1), (b) Cut 
through the 7 = 0  rovibrational wave function of para H e - C 2H2(i; =0). A m ­
plitudes of the wave functions are in 10-3 (bohr)_3/2. (c) Cut through the 
7 = 0  rovibrational wave function of ortho H e - C 2H2(u =0). Amplitudes of 
the wave functions are in 10-3 (bohr)_3/2.
Our calculation provides separate values for the fundamental 
components of the interaction energy. As expected, the 
H e - C 2H2 complex was found to be bound mainly by disper­
sion forces. However, other contributions to the interaction 
energy were shown to be non-negligible. It appears that the 
locations and depths of the van der Waals minima result from 
a subtle balance of those components. The potential energy 
surface was found to be weakly anisotropic in the region of 
the global van der Waals minimum. By contrast, in the re­
pulsive region the ab initio potential shows a very pro­
nounced anisotropy.
Using the computed potential energy surface we have 
calculated bound rovibrational states and the near-infrared 
spectrum of the H e - C 2H 2 complex in the region of the 
v3/(v2+ v4+v5)° Fermi diad of the free acetylene. Variational
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TABLE IV. Expectation values of the dimer bond length (/?), of the rota- 
tional constant B = (h~/2/j.R~),  and of the second Legendre polynomial 
( P 2(cos $)) for the ./=() and 1 states, and related quantities R0 = (R 2) ~ l/2, 
and $ 0=arccos[(2(P2(cos # ) )+  l) /3 ] l/2.
./ O',/,/?)
Ej
(cm ')
W
(bohr)
B
( c m 1)
*0
(bohr) {P2(cos d)) A)
0 (0,0, +  ) -7 .5 8 9 8.503 0.253 8.274 -0 .0 0 5 7 54.97°
0 (1,1,+) -4 .7 4 2 8.875 0.232 8.656 0.3992 39.26°
I (0 ,1 . - ) -7 .0 8 5 8.531 0.252 8.299 -0 .0 0 1 4 54.79°
I (1 .0 , - ) -5 .2 5 9 8.502 0.254 8.274 -0 .0 0 6 8 55.01°
I (1.1, +  ) -4 .781 8.353 0.263 8.128 -0 .1 9 7 2 63.30°
I (1 ,2 . - ) -3 .8 1 2 8.754 0.240 8.511 0.2111 46.49°
I (2 .1 , - ) -0 .2 8 8 8.970 0.235 8.595 0.2062 46.67°
I (2.2, +  ) 0.829 8.655 0.244 8.428 0.1404 49.20°
characterization of the rovibrational states revealed ground 
states of para and ortho H e -C 2H2(i; =0) with dissociation 
energies of 7.59 and 7.61 cm -1 with respect to ƒ=0 and j=  1 
C 2H2, respectively, and several angularly excited states of the 
complex. The weakness of the interaction and relatively 
small long-range anisotropy of the potential strongly pro­
mote the nearly free rotor behavior of the complex, so that 
all rovibrational states could be classified using the case a 
coupling of Bratoz and Martin .93 Consequently, the ab initio 
near-infrared spectrum of the H e -C 2H2 complex may be 
considered as the spectrum of free acetylene slightly per­
turbed by helium.
The predicted positions and intensities of lines in the 
near-infrared spectrum are in qualitative agreement with the 
experimental spectrum. " Various features of the experimen­
tal data suggest, however, that small red/blueshifts arising 
from the fact that helium is interacting with the vibrationally 
excited acetylene, occur. A precise knowledge of these shifts 
is necessary to make definite assignments. Work in this di­
rection is in progress, and in a forthcoming paper we will 
report the details of the experimental data together with the 
assignment of the recorded spectrum on the basis of the 
present results.
FIG. 7. Near-infrared spectrum of the H e - C 2H2 complex accompanying the 
j'3 asymmetric C - H  stretch of acetylene, calculated from the ab initio po­
tential. The rotational temperature is 1 K. The band labels on the frequency 
scale indicate the monomer transition frequencies. The inserts give 0.5 cm -1 
windows magnified by a factor of 10.
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